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Postpartum depression (PPD) is the most common psychiatric disorder

following childbirth and is characterized by maternal mood disturbances,

impaired maternal responses, and disrupted caregiving- all of which

negatively impact offspring development. Since PPD has detrimental

consequences for both mother and child, clinical and preclinical research

has focused on identifying brain changes associated with this disorder. In

humans, PPD is linked to dysregulated mesolimbic dopamine (DA) system

function and altered neural responses (i.e., decreased reward-related activity)

to infant-related cues, which are considered hallmark features of PPD. In

accordance, rodent models employing translational risk factors useful for

the study of PPD have demonstrated alterations in mesolimbic DA system

structure and function, and these changes are reviewed here. We also present

two novel rodent models based on postpartum adversity exposure (i.e., pup

removal, scarcity-adversity) which result in PPD-relevant behavioral changes

(e.g., disrupted mother-infant interactions, deficits in maternal behavior,

depressive-like phenotypes) and attenuated ventral tegmental area (VTA) DA

neuron activity consistent with a hypodopaminergic state. Furthermore, we

highlight open questions and future directions for these rodent models. In

sum, human and rodent studies converge in showing blunted mesolimbic DA

function (i.e., DA downregulation) in PPD. We propose that reduced activity of

VTA DA neurons, resulting in downregulation of the mesolimbic DA system,

interferes with reward-related processes necessary for maternal motivation

and responsiveness. Thus, the mesolimbic DA system may constitute a

therapeutic target for ameliorating reward-related deficits in PPD.
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1. Introduction

Postpartum depression (PPD) is the most common
psychiatric disorder following childbirth in women (Thurgood
et al., 2009; Austin et al., 2010). Core symptoms of PPD
include depressed mood, poor social adjustment following
parturition (i.e., delivery), and loss of interest or pleasure
(anhedonia; Pearlstein et al., 2009; Thurgood et al., 2009; Post
and Leuner, 2019). In PPD, anhedonia primarily impacts the
social domain and involves loss of interest in the infant and
infant-related stimuli, which may cause difficulties in adjusting
to new activities characteristic of the new role as a mother
(i.e., caregiving; Eid et al., 2019; Post and Leuner, 2019).
Mothers with PPD often show hostility, less affection, lower
infant engagement, and reduced responsiveness/sensitivity to
their baby’s needs (Lovejoy et al., 2000; Pearlstein et al., 2009;
Field, 2010). Thus, PPD places children at risk for impaired
behavioral, cognitive, and emotional development as well as
later life psychopathology (Beck, 1998; Grace et al., 2003;
Murray et al., 2011; Sanger et al., 2015; Netsi et al., 2018). The
widespread prevalence of PPD and its negative consequences
on both mother and child underscores the importance of
understanding the neurobiological underpinnings of PPD,
which may aid in guiding treatments and developing strategies
for improving functional deficits in caregiving.

One neural system implicated in PPD is the mesolimbic
dopamine (DA) system, which is critically involved in reward-
related and motivated maternal behaviors in both humans
and rodents (Robinson et al., 2011; Olazabal et al., 2013;
Nephew et al., 2015; Post and Leuner, 2019; Rincón-Cortés and
Grace, 2020a). Activation of the mesolimbic DA system, which
originates in the ventral tegmental area (VTA) and consists
of dopaminergic projections to cortical and limbic regions, is
part of a central mechanism that drives infant-seeking behavior
and strengthens the mother-infant bond (Fleming et al., 1994;
Rincón-Cortés and Grace, 2020a). The VTA is part of the
maternal caregiving network, which refers to brain areas/neural
systems important for maternal behaviors that are activated or
inhibited in response to offspring, including VTA targets such as
the basolateral amygdala (BLA), nucleus accumbens (NAc), and
prefrontal cortex (PFC; Pereira and Morrell, 2011; Pawluski et al.,
2017; Rincón-Cortés and Grace, 2020a). The functional integrity
of the VTA and mesolimbic DA signaling is causally linked to the
adequate expression of maternal behavior (Numan, 2007; Pereira
and Morrell, 2011; Rincón-Cortés and Grace, 2020a).

Human and rodent research suggest that PPD is mediated
by deficiencies within the brain’s reward pathway (Nephew
et al., 2015; Post and Leuner, 2019). Neuroimaging studies
in humans have identified atypical mesolimbic DA system
function in PPD (Moses-Kolko et al., 2014; Duan et al., 2017).
For example, mothers with PPD exhibit reduced ventral striatal
activation in response to monetary rewards and positive
words, which is linked to greater PPD symptomatology

(Silverman et al., 2007; Moses-Kolko et al., 2011). This is
significant given that hypoactivation of the ventral striatum
(e.g., NAc, caudate, putamen) in response to rewarding
and/or pleasant stimuli is thought to mediate reductions in
reward-seeking behaviors, which is a hallmark of depression
(Keedwell et al., 2005; Epstein et al., 2006; Dunlop and
Nemeroff, 2007; Pizzagalli et al., 2009). Depressed mothers
also exhibit diminished ventral striatal responses to infant-
related stimuli (Laurent and Ablow, 2012), which is opposite
to the robust ventral striatal and VTA response shown
by control mothers (Bartels and Zeki, 2004; Noriuchi
et al., 2008; Strathearn et al., 2008). These findings suggest
attenuated mesolimbic DA system function in PPD, which
could contribute to decreased motivation and goal-directed
behaviors. Consistent with this notion, this perspective
provides an overview of rodent models relevant to PPD in
which mesolimbic DA dysfunction (namely reduced DA
activity) has been identified. We also present two novel
rodent models based on postpartum adversity that are
characterized by hypoactivity of VTA DA neurons, which
is thought to reduce mesolimbic DA system activation,
and is aligned with clinical and preclinical data suggesting
dampened maternal motivation and blunted reward-related
brain activity in PPD. We propose that mesolimbic DA
system downregulation, driven by attenuated VTA DA
activity, interferes with reward-related processes necessary
for motivated maternal behaviors and may represent a
therapeutic target for ameliorating reward-related deficits in
PPD.

2. Mesolimbic dopamine system
dysregulation in rodent models
relevant to PPD

Mesolimbic DA system alterations have been reported
in several rodent models relevant to PPD, including stress-,
genetic-, and diet-based models. Stress-based rodent models
commonly employ stress exposure during pregnancy
(i.e., gestational stress), which increases the risk for PPD
in humans (Robertson et al., 2004; Hillerer et al., 2012;
Qiu et al., 2020; Mir et al., 2022). Rat dams exposed to
chronic gestational stress display impaired maternal care
(i.e., more time away from the nest, reduced arch-back
nursing) as well as increased passive coping behavior
(i.e., immobility) in the forced swim test (FST) during the
early postpartum (Smith et al., 2004; Haim et al., 2014; Leuner
et al., 2014). Dams exposed to chronic gestational stress also
exhibit altered structural plasticity within the NAc, which
receives dopaminergic innervation from the VTA and is
implicated in PPD (Haim et al., 2014; Post and Leuner, 2019).
Specifically, these dams had reductions in dendritic length,
branching, and spine density on medium spiny neurons in

Frontiers in Behavioral Neuroscience 02 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.1065558
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#articles
https://www.frontiersin.org


Rincón-Cortés and Grace 10.3389/fnbeh.2022.1065558

the NAc shell but not the NAc core (Haim et al., 2014),
which is consistent with prior findings suggesting greater
sensitivity of the NAc shell to stress (Kalivas and Duffy, 1995;
Wu et al., 1999). Thus, gestational stress induces morphological
and structural changes within the mesolimbic DA system
that may impair DA signaling and reward-related processes
involving the primary reward circuit (i.e., VTA-NAc projection).
Furthermore, postpartum administration of the selective
serotonin reuptake inhibitor (SSRI) citalopram, which restores
functionality in mothers with PPD (Misri et al., 2012), reversed
the behavioral and structural changes induced by gestational
stress exposure in rat dams (Haim et al., 2016). These findings
show that the behavioral and NAc changes observed in
dams following chronic gestational stress are sensitive to
antidepressant administration, suggesting they are reflective of
a depressive-like state.

Dopaminergic dysfunction has also been found in genetic-
based PPD models, including the selectively bred Flinders
Sensitive Line (FSL) and Wistar-Kyoto (WKY) rats (Overstreet
et al., 2005; Millard et al., 2020). FSL dams exhibit abnormal
maternal behaviors such as reduced pup licking and contact
time, reduced NAc DA levels while interacting with pups
as measured through microdialysis, no place preference
conditioning to pups, and higher levels of FST immobility
compared to Sprague-Dawley (SD, control) rats (Lavi-Avnon
et al., 2005a,b, 2008). Taken together, these data suggest a
lower rewarding value of pups and blunted pup-elicited DA
responses in FSL dams. WKY dams exhibit severe deficits
in maternal behaviors during a 30-min test following a mild
stressor: they made fewer retrievals and repositioning of pups
into the nest and displayed reduced licking compared to SD
dams, with this difference being more pronounced in the early
postpartum (Winokur et al., 2019). WKY dams also took longer
to hover over pups and nurse. With regards to DA function,
early postpartum WKY dams had lower DA levels within
striatal areas and the medial preoptic area, as well as higher
DA turnover rates in these structures compared to SD dams
(Winokur et al., 2019). Collectively, these data suggest that
disturbances in parenting and caregiving behaviors in FSL and
WKY dams are associated with alterations in DA levels within
various mesolimbic brain regions, suggesting central mesolimbic
DA system dysfunction. Preclinical studies conducted in mice
have used the BALB/c mouse strain as a genetic-based model
useful for the study of PPD. Compared to C57BL/6 mice,
BALB/c mice exhibit affective dysregulation (i.e., increased
anxiety-like and depressive-like behaviors) and poor mothering
(i.e., lower pup licking and grooming; Tarantino et al., 2011).
Postpartum BALB/c mice also exhibit reduced mobility time
in the FST, which was interpreted as increased immobility,
and lower levels of striatal DA compared to C57BL/6 mice
(Avraham et al., 2017). The findings observed in BALB/c mouse
dams are consistent with those observed in WKY and FSL rat
dams.

Finally, changes in depressive-like behaviors and DA system
function have also been found in mouse dams that were fed
a Western diet (high in fat and/or branched-chain amino
acids; Bolton et al., 2017). These dams exhibited increased
FST immobility and a significant reduction in DA D2 receptor
expression in the hippocampus, which receives dopaminergic
innervation from the VTA, as well as reductions in DA
metabolites in the hippocampus and PFC during the early
postpartum (Bolton et al., 2017). In sum, preclinical studies
using distinct approaches (i.e., gestational stress, genetic,
diet-based models) recapitulate key features of PPD such as
negative maternal affect, disrupted caregiving, and mesolimbic
DA dysregulation.

3. DA deficits in novel rodent models
useful for the study PPD based on
postpartum adversity

Postpartum adversity is a strong predictor for the emergence
of PPD in humans (O’Hara, 2009; Yim et al., 2015), and
a translational risk factor employed in PPD-relevant rodent
models (Perani and Slattery, 2014; Li and Chou, 2016; Mir
et al., 2022). Below, we review two novel rodent models
useful for the study of PPD that are based on creating
adverse maternal environments during the early postpartum.
The first model consists of manipulating the dam’s social
environment by permanently removing pups (Pawluski et al.,
2009), which represents an enduring disruption of the
mother-infant attachment bond- the strongest social bond
in maternal mammals (Bowlby, 1982). The second model
consists of manipulating the dam’s physical environment
by reducing the amount of bedding material within the
dam’s home cage (i.e., resource scarcity; Ivy et al., 2008).
We have recently shown that both models converge in
disrupting a variety of behaviors in the dam, including
maternal and depression-relevant behaviors, and attenuating
mesolimbic DA system function (Rincón-Cortés and Grace,
2021, 2022).

3.1 Permanent pup removal

A novel rodent model useful for studying behavioral
and dopaminergic changes relevant to PPD consists of
permanently removing pups from the rat dam’s home cage
within 24 h of giving birth. This model is consistent with
human literature showing that the emotional impact of losing
a child often results in prolonged grief disorder, which in
many cases is comorbid with depression (Demarchi et al.,
2021). Indeed, disruption or loss of mother-infant attachment
bonds is a strong predictor of increased negative affect and
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elevated depression symptoms in human mothers (Vance
et al., 1995; Crouch, 2002; Badenhorst and Hughes, 2007).
For example, bereaved women had nearly 4-fold higher odds
of a positive screen for depression (Gold et al., 2016).
Because we cannot measure grief in rodents, we focus on
the increased depression-related phenotypes resulting from
permanent pup removal. Permanent pup removal increases
passive FST coping responses (i.e., immobility) and reduces
social motivation during the late postpartum period in rat
dams (Pawluski et al., 2009; Rincón-Cortés and Grace, 2021).
These behavioral effects overlap with those observed in female
rodent models relevant to depression, including stress-based,
pharmacologically-induced and genetic models (Iniguez et al.,
2018; Newman et al., 2019; Lima et al., 2022), as well as in PPD
rodent models employed during the postpartum (Perani and
Slattery, 2014; Li and Chou, 2016; Qiu et al., 2020; Mir et al.,
2022).

In terms of mesolimbic DA function, permanent pup
removal results in a long-lasting attenuation of VTA DA
neuron activity, as indexed by a reduction in the number
of active DA neurons ∼3 weeks after pup removal (Rincón-
Cortés and Grace, 2021). Moreover, this reduction in VTA DA
neuron activity was correlated with reduced social sniff time
in dams that had pups removed. This is significant because
social interaction is driven by activation of the mesolimbic
reward circuitry, and specifically increased DA signaling from
the VTA into the NAc (Gunaydin et al., 2014). Within this
context, a decrease in VTA DA neuron activity would be
expected to diminish stimulus-driven DA neuron responses,
leading to attenuated mesolimbic DA system activation and
blunted reward-related responses, including a reduced social
approach (Grace, 2016). Importantly, the enduring effects of
permanent pup removal are specific to pup loss from postpartum
days (PD) 1–21, as a 3-week social isolation window did
not impact social approach, FST immobility, or DA function
in adult virgin females (Rincón-Cortés and Grace, 2021). In
sum, the presence of pups during the postpartum period
appears to be important for establishing adequate levels of
maternal affect and mesolimbic DA system activity, whereas
the lack of pup presence can trigger a long-lasting negative
affect (i.e., depressive-like) state associated with mesolimbic
DA downregulation. For instance, permanent pup removal
induces increased passive coping in the FST, social withdrawal,
and DA downregulation (i.e., reduced VTA DA activity;
Rincón-Cortés and Grace, 2021), which are depression-related
outcomes. Moreover, these behavioral and DA effects overlap
with those commonly observed in rodent models of depression
based on chronic stress exposure (Tye et al., 2013; Chang
and Grace, 2014; Kaufling, 2019). Yet, the duration of these
behavioral and DA effects is unknown. Future studies assessing
whether these changes persist throughout future pregnancies
and whether they are sensitive to antidepressant administration
are needed.

3.2 Postpartum scarcity-adversity

Another novel rodent model useful for studying stress-
induced neurobehavioral adaptations relevant to PPD consists
of creating an impoverished postpartum environment by
providing the dam with limited bedding and nesting (LBN)
materials from PD 2 to 9 (Rincón-Cortés and Grace, 2022).
This procedure increases corticosterone (CORT) levels in
the rat dam (Ivy et al., 2008), impairs motivated maternal
behavior, and disrupts mother-infant interactions (Rincón-
Cortés and Grace, 2022). Specifically, postpartum scarcity-
adversity increased the percentage of negative pup-directed
behaviors including stepping, dragging, improper transport,
and shoving of pups (Rincón-Cortés and Grace, 2022).
LBN dams also exhibited longer pup retrieval latencies,
suggesting impaired goal-directed maternal responses,
as well as passive stress-coping responses (i.e., increased
FST immobility). Thus, LBN exposure in rats mimics
the effects of a stressful environment in increasing risk
for PPD and potentiating negative caregiving patterns
(e.g., maltreatment, neglect) similar to what is observed
in human mothers (Webster-Stratton, 1990; Hall et al.,
1998; Cadzow et al., 1999; Field, 2010; Goyal et al., 2010;
Payne and Maguire, 2019).

Dams exhibiting disrupted mother-infant interactions
and impaired maternal motivation also had reduced VTA
DA neuron population activity (i.e., lower numbers of active
DA neurons) compared to control dams at PD 9–10, but
not at PD 20–21 (∼1.5 weeks after cessation of LBN). This
decrease in the number of active DA neurons is proposed to
attenuate the ability of DA neurons to respond to reward-
related stimuli in a behaviorally salient phasic manner (Grace,
2016). Our findings suggest that the VTA DA decrease
is linked to the presence of environmental adversity (as
effects are only seen during LBN) and can recover once
dams are restored to normal home cage environments.
Based on these data, we propose that compromised
(i.e., reduced) activity of VTA DA neurons induced by
scarcity-adversity likely contributes to postpartum negative
affect (i.e., depressive-like behavior) and interferes with
reward-related processes necessary for motivated maternal
behavior. Future studies should determine when VTA DA
deficits emerge in LBN dams and examine a functional
temporal link between adversity-induced changes in maternal
behaviors and VTA DA neuron activity in real-time. For
example, do LBN dams exhibit blunted mesolimbic DA
activity during the expression of maladaptive maternal
behaviors and/or in response to pups? In sum, postpartum
scarcity-adversity disrupts mother-infant attachment, impairs
maternal motivation, increases negative affect-related
behaviors, and induces mesolimbic DA downregulation in
rat dams—all which are consistent with PPD symptoms in
humans.

Frontiers in Behavioral Neuroscience 04 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.1065558
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#articles
https://www.frontiersin.org


Rincón-Cortés and Grace 10.3389/fnbeh.2022.1065558

TABLE 1 DA system dysregulation in rodent models relevant to PPD.

Model Mesolimbic DA system effects References

Gestational stress ↓ length, branching, and spine density on NAc medium spiny neurons Haim et al. (2014, 2016)

Pup removal ↓ VTA DA neuron activity Rincón-Cortés and Grace (2021)

Scarcity-adversity ↓ VTA DA neuron activity Rincón-Cortés and Grace (2022)

WKY rats ↓ striatal DA levels Winokur et al. (2019)

FSL rats ↓ pup induced NAc DA release Lavi-Avnon et al. (2008)

BALB/c mice ↓ striatal DA levels Avraham et al. (2017)

Western (high fat) diet ↓ hippocampal and PFC DA metabolites
↓ hippocampal DA D2 receptor expression

Bolton et al. (2017)

↓ indicates reduction. PPD, postpartum depression; NAc, nucleus accumbens; VTA, ventral tegmental area; DA, dopamine; WKY, Wistar-Kyoto; FSL, Flinders Sensitive Line;
PFC, prefrontal cortex.

3.3 DA deficits in novel rodent models of
PPD based on postpartum adversity
overlap with those observed in rodent
models of chronic stress relevant to
depression

Importantly, the behavioral and dopaminergic effects
observed in dams that underwent postpartum adversity (i.e., pup
removal, LBN) overlap with those observed in rodent models
of chronic stress relevant to depression (Belujon and Grace,
2017; Douma and de Kloet, 2019; Rincón-Cortés and Grace,
2020b). For instance, adult male and female rats exposed to
chronic mild stress (CMS) exhibit increased FST immobility
(i.e., depression-related behavior) as well as hypoactivity of
VTA DA neurons (i.e., DA downregulation = reduced numbers
of active DA cells; Chang and Grace, 2014; Moreines et al.,
2017; Rincón-Cortés and Grace, 2017; Neves and Grace,
2019). This reduction in VTA DA activity is significant given
that it is causally linked to the expression of depressive-like
behaviors in rodents (Tye et al., 2013). Increasing the activity
of VTA DA neurons via optogenetic stimulation increases
FST escape-related behaviors (i.e., kicking) in rats and rescues
stress-induced depression-related behavioral phenotypes (Tye
et al., 2013). Therefore, increasing VTA DA activity in dams
undergoing pup removal or scarcity-adversity may reverse
the increased FST immobility induced by both models.
Since VTA DA neurons (and specifically increases in VTA
DA activity) are critically involved in motivated behaviors,
including social approach and pup retrieval (Gunaydin et al.,
2014; Fang et al., 2018), this manipulation could also
potentially rescue blunted social motivation in dams that
underwent pup removal and/or impaired pup retrieval in LBN
dams.

With regards to afferent regulation of VTA DA function, the
attenuation in VTA population activity induced by chronic stress
is driven by BLA hyperexcitability and specifically increased
activity within the BLA-ventral pallidum (VP) pathway (Chang
and Grace, 2014; Neves and Grace, 2019). Stress-induced
activation of this pathway inhibits VTA activity, whereas

inhibition of the BLA or the VP prevents the stress-induced
decrease (Chang and Grace, 2014). Since the BLA is a stress-
sensitive structure that regulates VTA DA function (Belujon and
Grace, 2015) and is critical for motivated maternal behaviors
(Numan et al., 2010), we propose that VTA DA neuron
hypoactivity in dams that underwent pup removal and LBN
may be driven by BLA hyperactivity and increased activity
within the BLA-VP pathway, thereby resulting in impaired
maternal motivation. If this is the case, normalizing activity
within this pathway may reverse the behavioral and VTA DA
changes induced by postpartum adversity. However, the impact
of pup removal or scarcity-adversity on BLA activity in the
dam has yet to be assessed. This information would be helpful
for determining whether similar structures/pathways drive VTA
DA neuron hypoactivity in both sexes (and across reproductive
conditions) and uncovering ways to reverse DA downregulation
in PPD rodent models based on postpartum adversity.

4. Discussion

Clinical and preclinical studies show that PPD is associated
with dysfunction within the brain’s reward pathway- the
mesolimbic DA system. In rodent models, these alterations
occur across multiple levels and include structural and
functional plasticity, as well as basal and pup-evoked changes
in concentrations of DA metabolites. Mesolimbic DA system
changes in PPD rodent models are summarized in Table 1.
These adaptations are thought to interfere with reward-
related processes necessary for motivated maternal behaviors
and are associated with an increase in depression-related
symptomatology. We also reviewed two novel PPD-relevant
rodent models based on postpartum adversity exposure that
are characterized by mesolimbic DA downregulation. The
first consists of deprivation of salient, species-expected social
relationships (via pup removal), which precipitates an enduring
negative affect state in the rat dam involving passive stress
coping, social anhedonia, and DA hypofunction. The second one
consists of creating an impoverished home cage environment,
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which stresses the dam, disrupts mother-infant interactions,
dampens maternal motivation, increases passive stress coping,
and blunts DA activity. In sum, pup removal and scarcity-
adversity are emerging rodent models useful for studying
adversity-induced changes in the maternal brain relevant to
PPD while also providing support for the possibility that VTA
DA neurons (and the mesolimbic DA system) may represent
a therapeutic target for ameliorating reward-related deficits in
PPD. The presented body of work provides ample opportunities
for future directions examining neurobiological mechanisms
contributing to PPD as well as potential treatments and/or
interventions to ameliorate the negative impact of PPD on the
mother-infant dyad, which may lead to enhanced mother and
infant outcomes.

Data availability statement

The original contributions presented in the study are
included in the article, further inquiries can be directed to the
corresponding author.

Author contributions

MR-C conceived the idea for the manuscript and wrote
the manuscript. AAG revised and provided feedback for
the manuscript. MR-C and AAG edited and approved the
manuscript for publication. All authors contributed to the article
and approved the submitted version.

Funding

This work was funded by a Ford Foundation Postdoctoral
Fellowship and National Institute of Mental Health
(NIMH) Grant No. K01-MH128800 to MR-C and NIMH
R01-MH057440 to AAG. AAG has received funds from
Alkermes, Lundbeck, Takeda, Roche, Lyra, Concert, Merck,
and SynAgile. The funders had no role in the preparation of
this manuscript.

Conflict of interest

AAG has received funds from Alkermes, Lundbeck, Takeda,
Roche, Lyra, Concert, Merck, and SynAgile.

The remaining author declares that the research was
conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict
of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their affiliated organizations, or those of the publisher,
the editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

References

Austin, M. P., Hadzi-Pavlovic, D., Priest, S. R., Reilly, N., Wilhelm, K., Saint, K.,
et al. (2010). Depressive and anxiety disorders in the postpartum period: how
prevalent are they and can we improve their detection. Arch. Womens Ment. Health
13, 395–401. doi: 10.1007/s00737-010-0153-7

Avraham, Y., Hants, Y., Vorobeiv, L., Staum, M., Abu Ahmad, W., Mankuta, D.,
et al. (2017). Brain neurotransmitters in an animal model with postpartum
depressive-like behavior. Behav. Brain Res. 326, 307–321. doi: 10.1016/j.bbr.2017.
01.013

Badenhorst, W., and Hughes, P. (2007). Psychological aspects of perinatal loss.
Best Pract. Res. Clin. Obstet. Gynaecol. 21, 249–259. doi: 10.1016/j.bpobgyn.2006.
11.004

Bartels, A., and Zeki, S. (2004). The neural correlates of maternal and
romantic love. Neuroimage 21, 1155–1166. doi: 10.1016/j.neuroimage.2003.
11.003

Beck, C. T. (1998). The effects of postpartum depression on child development:
a meta-analysis. Arch. Psychiatr. Nurs. 12, 12–20. doi: 10.1016/s0883-9417(98)
80004-6

Belujon, P., and Grace, A. A. (2015). Regulation of dopamine system responsivity
and its adaptive and pathological response to stress. Proc. Biol. Sci. 282:20142516.
doi: 10.1098/rspb.2014.2516

Belujon, P., and Grace, A. A. (2017). Dopamine system dysregulation in
major depressive disorders. Int. J. Neuropsychopharmacol. 20, 1036–1046. doi: 10.
1093/ijnp/pyx056

Bolton, J. L., Wiley, M. G., Ryan, B., Truong, S., Strait, M., Baker, D. C.,
et al. (2017). Perinatal western-type diet and associated gestational weight
gain alter postpartum maternal mood. Brain Behav. 7:e00828. doi: 10.1002/
brb3.828

Bowlby, J. (1982). Attachment: Attachment and Loss. New York: Basic Books.

Cadzow, S. P., Armstrong, K. L., and Fraser, J. A. (1999). Stressed parents with
infants: reassessing physical abuse risk factors. Child Abuse Negl. 23, 845–853.
doi: 10.1016/s0145-2134(99)00063-0

Chang, C. H., and Grace, A. A. (2014). Amygdala-ventral pallidum pathway
decreases dopamine activity after chronic mild stress in rats. Biol. Psychiatry 76,
223–230. doi: 10.1016/j.biopsych.2013.09.020

Crouch, M. (2002). Bonding, postpartum dysphoria and social ties : a speculative
inquiry. Hum. Nat. 13, 363–382. doi: 10.1007/s12110-002-1020-7

Demarchi, L., Pawluski, J. L., and Bosch, O. J. (2021). The brain oxytocin
and corticotropin-releasing factor systems in grieving mothers: what we know
and what we need to learn. Peptides 143:170593. doi: 10.1016/j.peptides.2021.
170593

Douma, E. H., and de Kloet, E. R. (2019). Stress-induced plasticity and
functioning of ventral tegmental dopamine neurons. Neurosci. Biobehav. Rev. 108,
48–77. doi: 10.1016/j.neubiorev.2019.10.015

Duan, C., Cosgrove, J., and Deligiannidis, K. M. (2017). Understanding
peripartum depression through neuroimaging: a review of structural and

Frontiers in Behavioral Neuroscience 06 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.1065558
https://doi.org/10.1007/s00737-010-0153-7
https://doi.org/10.1016/j.bbr.2017.01.013
https://doi.org/10.1016/j.bbr.2017.01.013
https://doi.org/10.1016/j.bpobgyn.2006.11.004
https://doi.org/10.1016/j.bpobgyn.2006.11.004
https://doi.org/10.1016/j.neuroimage.2003.11.003
https://doi.org/10.1016/j.neuroimage.2003.11.003
https://doi.org/10.1016/s0883-9417(98)80004-6
https://doi.org/10.1016/s0883-9417(98)80004-6
https://doi.org/10.1098/rspb.2014.2516
https://doi.org/10.1093/ijnp/pyx056
https://doi.org/10.1093/ijnp/pyx056
https://doi.org/10.1002/brb3.828
https://doi.org/10.1002/brb3.828
https://doi.org/10.1016/s0145-2134(99)00063-0
https://doi.org/10.1016/j.biopsych.2013.09.020
https://doi.org/10.1007/s12110-002-1020-7
https://doi.org/10.1016/j.peptides.2021.170593
https://doi.org/10.1016/j.peptides.2021.170593
https://doi.org/10.1016/j.neubiorev.2019.10.015
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#articles
https://www.frontiersin.org


Rincón-Cortés and Grace 10.3389/fnbeh.2022.1065558

functional connectivity and molecular imaging research. Curr. Psychiatry Rep.
19:70. doi: 10.1007/s11920-017-0824-4

Dunlop, B. W., and Nemeroff, C. B. (2007). The role of dopamine in the
pathophysiology of depression. Arch. Gen. Psychiatry 64, 327–337. doi: 10.
1001/archpsyc.64.3.327

Eid, R. S., Gobinath, A. R., and Galea, L. A. M. (2019). Sex differences in
depression: insights from clinical and preclinical studies. Prog. Neurobiol. 176,
86–102. doi: 10.1016/j.pneurobio.2019.01.006

Epstein, J., Pan, H., Kocsis, J. H., Yang, Y., Butler, T., Chusid, J., et al. (2006). Lack
of ventral striatal response to positive stimuli in depressed versus normal subjects.
Am. J. Psychiatry 163, 1784–1790. doi: 10.1176/ajp.2006.163.10.1784

Fang, Y. Y., Yamaguchi, T., Song, S. C., Tritsch, N. X., and Lin, D. (2018). A
hypothalamic midbrain pathway essential for driving maternal behaviors. Neuron
98, 192–207.e10. doi: 10.1016/j.neuron.2018.02.019

Field, T. (2010). Postpartum depression effects on early interactions, parenting
and safety practices: a review. Infant Behav. Dev. 33, 1–6. doi: 10.1016/j.infbeh.
2009.10.005

Fleming, A. S., Korsmit, M., and Deller, M. (1994). Rat pups are potent
reinforcers ot the maternal animal: effects of experience, parity, hormones and
dopamine function. Psychobiology 22, 44–53. doi: 10.3758/BF03327079

Gold, K. J., Leon, I., Boggs, M. E., and Sen, A. (2016). Depression and
posttraumatic stress symptoms after perinatal loss in a population-based sample.
J. Womens Health (Larchmt) 25, 263–269. doi: 10.1089/jwh.2015.5284

Goyal, D., Gay, C., and Lee, K. A. (2010). How much does low socioeconomic
status increase the risk of prenatal and postpartum depressive symptoms in
first-time mothers. Womens Health Issues 20, 96–104. doi: 10.1016/j.whi.2009.11.
003

Grace, A. A. (2016). Dysregulation of the dopamine system in the
pathophysiology of schizophrenia and depression. Nat. Rev. Neurosci. 17, 524–532.
doi: 10.1038/nrn.2016.57

Grace, S. L., Evindar, A., and Stewart, D. E. (2003). The effect of postpartum
depression on child cognitive development and behavior: a review and critical
analysis of the literature. Arch. Womens Ment. Health 6, 263–274. doi: 10.
1007/s00737-003-0024-6

Gunaydin, L. A., Grosenick, L., Finkelstein, J. C., Kauvar, I. V., Fenno, L. E.,
Adhikari, A., et al. (2014). Natural neural projection dynamics underlying social
behavior. Cell 157, 1535–1551. doi: 10.1016/j.cell.2014.05.017

Haim, A., Albin-Brooks, C., Sherer, M., Mills, E., and Leuner, B. (2016).
The effects of gestational stress and Selective Serotonin reuptake inhibitor
antidepressant treatment on structural plasticity in the postpartum brain–a
translational model for postpartum depression. Horm. Behav. 77, 124–131. doi: 10.
1016/j.yhbeh.2015.05.005

Haim, A., Sherer, M., and Leuner, B. (2014). Gestational stress induces persistent
depressive-like behavior and structural modifications within the postpartum
nucleus accumbens. Eur. J. Neurosci. 40, 3766–3773. doi: 10.1111/ejn.12752

Hall, L. A., Sachs, B., and Rayens, M. K. (1998). Mothers’ potential for child
abuse: the roles of childhood abuse and social resources. Nurs. Res. 47, 87–95.
doi: 10.1097/00006199-199803000-00007

Hillerer, K. M., Neumann, I. D., and Slattery, D. A. (2012). From stress
to postpartum mood and anxiety disorders: how chronic peripartum stress
can impair maternal adaptations. Neuroendocrinology 95, 22–38. doi: 10.
1159/000330445

Iniguez, S. D., Flores-Ramirez, F. J., Riggs, L. M., Alipio, J. B., Garcia-
Carachure, I., Hernandez, M. A., et al. (2018). Vicarious social defeat stress induces
depression-related outcomes in female mice. Biol. Psychiatry 83, 9–17. doi: 10.
1016/j.biopsych.2017.07.014

Ivy, A. S., Brunson, K. L., Sandman, C., and Baram, T. Z. (2008). Dysfunctional
nurturing behavior in rat dams with limited access to nesting material: a clinically
relevant model for early-life stress. Neuroscience 154, 1132–1142. doi: 10.1016/j.
neuroscience.2008.04.019

Kalivas, P. W., and Duffy, P. (1995). Selective activation of dopamine
transmission in the shell of the nucleus accumbens by stress. Brain Res. 675,
325–328. doi: 10.1016/0006-8993(95)00013-g

Kaufling, J. (2019). Alterations and adaptation of ventral tegmental area
dopaminergic neurons in animal models of depression. Cell Tissue Res. 377, 59–71.
doi: 10.1007/s00441-019-03007-9

Keedwell, P. A., Andrew, C., Williams, S. C., Brammer, M. J., and Phillips, M. L.
(2005). The neural correlates of anhedonia in major depressive disorder. Biol.
Psychiatry 58, 843–853. doi: 10.1016/j.biopsych.2005.05.019

Laurent, H. K., and Ablow, J. C. (2012). A cry in the dark: depressed mothers
show reduced neural activation to their own infant’s cry. Soc. Cogn. Affect. Neurosci.
7, 125–134. doi: 10.1093/scan/nsq091

Lavi-Avnon, Y., Shayit, M., Yadid, G., Overstreet, H. D., and Weller, A. (2005a).
Immobility in the swim test and observations of maternal behavior in lactating
Flinders sensitive line rats. Behav. Brain Res. 161, 155–163. doi: 10.1016/j.bbr.2005.
02.002

Lavi-Avnon, Y., Yadid, G., Overstreet, D. H., and Weller, A. (2005b). Abnormal
patterns of maternal behavior in a genetic animal model of depression. Physiol.
Behav. 84, 607–615. doi: 10.1016/j.physbeh.2005.02.006

Lavi-Avnon, Y., Weller, A., Finberg, J. P., Gispan-Herman, I., Kinor, N., Stern, Y.,
et al. (2008). The reward system and maternal behavior in an animal model
of depression: a microdialysis study. Psychopharmacology (Berl) 196, 281–291.
doi: 10.1007/s00213-007-0961-2

Leuner, B., Fredericks, P. J., Nealer, C., and Albin-Brooks, C. (2014). Chronic
gestational stress leads to depressive-like behavior and compromises medial
prefrontal cortex structure and function during the postpartum period. PLoS One
9:e89912. doi: 10.1371/journal.pone.0089912

Li, M., and Chou, S. Y. (2016). Modeling postpartum depression in rats: theoretic
and methodological issues. Dongwuxue Yanjiu 37, 229–236. doi: 10.13918/j.issn.
2095-8137.2016.4.229

Lima, S., Sousa, N., Patricio, P., and Pinto, L. (2022). The underestimated
sex: a review on female animal models of depression. Neurosci. Biobehav. Rev.
133:104498. doi: 10.1016/j.neubiorev.2021.12.021

Lovejoy, M. C., Graczyk, P. A., O’Hare, E., and Neuman, G. (2000). Maternal
depression and parenting behavior: a meta-analytic review. Clin. Psychol. Rev. 20,
561–592. doi: 10.1016/s0272-7358(98)00100-7

Millard, S. J., Weston-Green, K., and Newell, K. A. (2020). The Wistar-Kyoto
rat model of endogenous depression: a tool for exploring treatment resistance
with an urgent need to focus on sex differences. Prog. Neuropsychopharmacol. Biol.
Psychiatry 101:109908. doi: 10.1016/j.pnpbp.2020.109908

Mir, F. R., Pollano, A., and Rivarola, M. A. (2022). Animal models of
postpartum depression revisited. Psychoneuroendocrinology 136:105590. doi: 10.
1016/j.psyneuen.2021.105590

Misri, S., Abizadeh, J., Albert, G., Carter, D., and Ryan, D. (2012).
Restoration of functionality in postpartum depressed mothers: an open-label
study with escitalopram. J. Clin. Psychopharmacol. 32, 729–732. doi: 10.1097/JCP.
0b013e31826867c9

Moreines, J. L., Owrutsky, Z. L., and Grace, A. A. (2017). Involvement of
infralimbic prefrontal cortex but not lateral habenula in dopamine attenuation
after chronic mild stress. Neuropsychopharmacology 42, 904–913. doi: 10.1038/npp.
2016.249

Moses-Kolko, E. L., Fraser, D., Wisner, K. L., James, J. A., Saul, A. T., Fiez, J. A.,
et al. (2011). Rapid habituation of ventral striatal response to reward receipt in
postpartum depression. Biol. Psychiatry 70, 395–399. doi: 10.1016/j.biopsych.2011.
02.021

Moses-Kolko, E. L., Horner, M. S., Phillips, M. L., Hipwell, A. E., and Swain, J. E.
(2014). In search of neural endophenotypes of postpartum psychopathology and
disrupted maternal caregiving. J. Neuroendocrinol. 26, 665–684. doi: 10.1111/jne.
12183

Murray, L., Arteche, A., Fearon, P., Halligan, S., Goodyer, I., and Cooper, P.
(2011). Maternal postnatal depression and the development of depression in
offspring up to 16 years of age. J. Am. Acad. Child Adolesc. Psychiatry 50, 460–470.
doi: 10.1016/j.jaac.2011.02.001

Nephew, B. C., Murgatroyd, C., Pittet, F., and Febo, M. (2015). Brain reward
pathway dysfunction in maternal depression and addiction: a present and future
transgenerational risk. J. Reward Deficit Syndr. 1, 105–116. doi: 10.17756/jrds.2015-
017

Netsi, E., Pearson, R. M., Murray, L., Cooper, P., Craske, M. G., and
Stein, A. (2018). Association of persistent and severe postnatal depression with
child outcomes. JAMA Psychiatry 75, 247–253. doi: 10.1001/jamapsychiatry.20
17.4363

Neves, G. A., and Grace, A. A. (2019). alpha7 nicotinic receptor full agonist
reverse basolateral amygdala hyperactivity and attenuation of dopaminergic
neuron activity in rats exposed to chronic mild stress. Eur. Neuropsychopharmacol.
29, 1343–1353. doi: 10.1016/j.euroneuro.2019.09.009

Newman, E. L., Covington, H. E., 3rd, Suh, J., Bicakci, M. B., Ressler, K. J.,
DeBold, J. F., et al. (2019). Fighting females: neural and behavioral consequences
of social defeat stress in female mice. Biol. Psychiatry 86, 657–668. doi: 10.1016/j.
biopsych.2019.05.005

Noriuchi, M., Kikuchi, Y., and Senoo, A. (2008). The functional neuroanatomy of
maternal love: mother’s response to infant’s attachment behaviors. Biol. Psychiatry
63, 415–423. doi: 10.1016/j.biopsych.2007.05.018

Numan, M. (2007). Motivational systems and the neural circuitry of maternal
behavior in the rat. Dev. Psychobiol. 49, 12–21. doi: 10.1002/dev.20198

Frontiers in Behavioral Neuroscience 07 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.1065558
https://doi.org/10.1007/s11920-017-0824-4
https://doi.org/10.1001/archpsyc.64.3.327
https://doi.org/10.1001/archpsyc.64.3.327
https://doi.org/10.1016/j.pneurobio.2019.01.006
https://doi.org/10.1176/ajp.2006.163.10.1784
https://doi.org/10.1016/j.neuron.2018.02.019
https://doi.org/10.1016/j.infbeh.2009.10.005
https://doi.org/10.1016/j.infbeh.2009.10.005
https://doi.org/10.3758/BF03327079
https://doi.org/10.1089/jwh.2015.5284
https://doi.org/10.1016/j.whi.2009.11.003
https://doi.org/10.1016/j.whi.2009.11.003
https://doi.org/10.1038/nrn.2016.57
https://doi.org/10.1007/s00737-003-0024-6
https://doi.org/10.1007/s00737-003-0024-6
https://doi.org/10.1016/j.cell.2014.05.017
https://doi.org/10.1016/j.yhbeh.2015.05.005
https://doi.org/10.1016/j.yhbeh.2015.05.005
https://doi.org/10.1111/ejn.12752
https://doi.org/10.1097/00006199-199803000-00007
https://doi.org/10.1159/000330445
https://doi.org/10.1159/000330445
https://doi.org/10.1016/j.biopsych.2017.07.014
https://doi.org/10.1016/j.biopsych.2017.07.014
https://doi.org/10.1016/j.neuroscience.2008.04.019
https://doi.org/10.1016/j.neuroscience.2008.04.019
https://doi.org/10.1016/0006-8993(95)00013-g
https://doi.org/10.1007/s00441-019-03007-9
https://doi.org/10.1016/j.biopsych.2005.05.019
https://doi.org/10.1093/scan/nsq091
https://doi.org/10.1016/j.bbr.2005.02.002
https://doi.org/10.1016/j.bbr.2005.02.002
https://doi.org/10.1016/j.physbeh.2005.02.006
https://doi.org/10.1007/s00213-007-0961-2
https://doi.org/10.1371/journal.pone.0089912
https://doi.org/10.13918/j.issn.2095-8137.2016.4.229
https://doi.org/10.13918/j.issn.2095-8137.2016.4.229
https://doi.org/10.1016/j.neubiorev.2021.12.021
https://doi.org/10.1016/s0272-7358(98)00100-7
https://doi.org/10.1016/j.pnpbp.2020.109908
https://doi.org/10.1016/j.psyneuen.2021.105590
https://doi.org/10.1016/j.psyneuen.2021.105590
https://doi.org/10.1097/JCP.0b013e31826867c9
https://doi.org/10.1097/JCP.0b013e31826867c9
https://doi.org/10.1038/npp.2016.249
https://doi.org/10.1038/npp.2016.249
https://doi.org/10.1016/j.biopsych.2011.02.021
https://doi.org/10.1016/j.biopsych.2011.02.021
https://doi.org/10.1111/jne.12183
https://doi.org/10.1111/jne.12183
https://doi.org/10.1016/j.jaac.2011.02.001
https://doi.org/10.17756/jrds.2015-017
https://doi.org/10.17756/jrds.2015-017
https://doi.org/10.1001/jamapsychiatry.2017.4363
https://doi.org/10.1001/jamapsychiatry.2017.4363
https://doi.org/10.1016/j.euroneuro.2019.09.009
https://doi.org/10.1016/j.biopsych.2019.05.005
https://doi.org/10.1016/j.biopsych.2019.05.005
https://doi.org/10.1016/j.biopsych.2007.05.018
https://doi.org/10.1002/dev.20198
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#articles
https://www.frontiersin.org


Rincón-Cortés and Grace 10.3389/fnbeh.2022.1065558

Numan, M., Bress, J. A., Ranker, L. R., Gary, A. J., Denicola, A. L., Bettis, J. K.,
et al. (2010). The importance of the basolateral/basomedial amygdala for
goal-directed maternal responses in postpartum rats. Behav. Brain Res. 214,
368–376. doi: 10.1016/j.bbr.2010.06.006

O’Hara, M. W. (2009). Postpartum depression: what we know. J. Clin. Psychol.
65, 1258–1269. doi: 10.1002/jclp.20644

Olazabal, D. E., Pereira, M., Agrati, D., Ferreira, A., Fleming, A. S., Gonzalez-
Mariscal, G., et al. (2013). New theoretical and experimental approaches on
maternal motivation in mammals. Neurosci. Biobehav. Rev. 37, 1860–1874. doi: 10.
1016/j.neubiorev.2013.04.003

Overstreet, D. H., Friedman, E., Mathe, A. A., and Yadid, G. (2005). The flinders
sensitive line rat: a selectively bred putative animal model of depression. Neurosci.
Biobehav. Rev. 29, 739–759. doi: 10.1016/j.neubiorev.2005.03.015

Pawluski, J. L., Lieblich, S. E., and Galea, L. A. (2009). Offspring-exposure
reduces depressive-like behaviour in the parturient female rat. Behav. Brain Res.
197, 55–61. doi: 10.1016/j.bbr.2008.08.001

Pawluski, J. L., Lonstein, J. S., and Fleming, A. S. (2017). The neurobiology of
postpartum anxiety and depression. Trends Neurosci. 40, 106–120. doi: 10.1016/j.
tins.2016.11.009

Payne, J. L., and Maguire, J. (2019). Pathophysiological mechanisms implicated
in postpartum depression. Front. Neuroendocrinol. 52, 165–180. doi: 10.1016/j.
yfrne.2018.12.001

Pearlstein, T., Howard, M., Salisbury, A., and Zlotnick, C. (2009). Postpartum
depression. Am. J. Obstet. Gynecol. 200, 357–364. doi: 10.1016/j.ajog.2008.11.033

Perani, C. V., and Slattery, D. A. (2014). Using animal models to study
post-partum psychiatric disorders. Br. J. Pharmacol. 171, 4539–4555. doi: 10.
1111/bph.12640

Pereira, M., and Morrell, J. I. (2011). Functional mapping of the neural circuitry
of rat maternal motivation: effects of site-specific transient neural inactivation.
J. Neuroendocrinol. 23, 1020–1035. doi: 10.1111/j.1365-2826.2011.02200.x

Pizzagalli, D. A., Holmes, A. J., Dillon, D. G., Goetz, E. L., Birk, J. L., Bogdan, R.,
et al. (2009). Reduced caudate and nucleus accumbens response to rewards in
unmedicated individuals with major depressive disorder. Am. J. Psychiatry 166,
702–710. doi: 10.1176/appi.ajp.2008.08081201

Post, C., and Leuner, B. (2019). The maternal reward system in postpartum
depression. Arch. Womens Ment. Health 22, 417–429. doi: 10.1007/s00737-018-
0926-y

Qiu, W., Hodges, T. E., Clark, E. L., Blankers, S. A., and Galea, L.A.M.
(2020). Perinatal depression: heterogeneity of disease and in animal models. Front.
Neuroendocrinol. 59:100854. doi: 10.1016/j.yfrne.2020.100854

Rincón-Cortés, M., and Grace, A. A. (2017). Sex-dependent effects of stress on
immobility behavior and VTA dopamine neuron activity: modulation by ketamine.
Int. J. Neuropsychopharmacol. 20, 823–832. doi: 10.1093/ijnp/pyx048

Rincón-Cortés, M., and Grace, A. A. (2020a). Adaptations in reward-related
behaviors and mesolimbic dopamine function during motherhood and the
postpartum period. Front. Neuroendocrinol. 57:100839. doi: 10.1016/j.yfrne.2020.
100839

Rincón-Cortés, M., and Grace, A. A. (2020b). Antidepressant effects of
ketamine on depression-related phenotypes and dopamine dysfunction in
rodent models of stress. Behav. Brain Res. 379:112367. doi: 10.1016/j.bbr.2019.
112367

Rincón-Cortés, M., and Grace, A. A. (2021). Early pup removal leads to social
dysfunction and dopamine deficit in late postpartum rats: prevention by social
support. Front. Glob. Womens Health 2:694808. doi: 10.3389/fgwh.2021.694808

Rincón-Cortés, M., and Grace, A. A. (2022). Postpartum scarcity-adversity
disrupts maternal behavior and induces a hypodopaminergic state in the rat
dam and adult female offspring. Neuropsychopharmacology 47, 488–496. doi: 10.
1038/s41386-021-01210-3

Robertson, E., Grace, S., Wallington, T., and Stewart, D. E. (2004). Antenatal
risk factors for postpartum depression: a synthesis of recent literature. Gen. Hosp.
Psychiatry 26, 289–295. doi: 10.1016/j.genhosppsych.2004.02.006

Robinson, D. L., Zitzman, D. L., and Williams, S. K. (2011). Mesolimbic
dopamine transients in motivated behaviors: focus on maternal behavior. Front.
Psychiatry 2:23. doi: 10.3389/fpsyt.2011.00023

Sanger, C., Iles, J. E., Andrew, C. S., and Ramchandani, P. G. (2015). Associations
between postnatal maternal depression and psychological outcomes in adolescent
offspring: a systematic review. Arch. Womens Ment. Health 18, 147–162. doi: 10.
1007/s00737-014-0463-2

Silverman, M. E., Loudon, H., Safier, M., Protopopescu, X., Leiter, G., Liu, X.,
et al. (2007). Neural dysfunction in postpartum depression: an fMRI pilot study.
CNS Spectr. 12, 853–862. doi: 10.1017/s1092852900015595

Smith, J. W., Seckl, J. R., Evans, A. T., Costall, B., and Smythe, J. W. (2004).
Gestational stress induces post-partum depression-like behaviour and alters
maternal care in rats. Psychoneuroendocrinology 29, 227–244. doi: 10.1016/s0306-
4530(03)00025-8

Strathearn, L., Li, J., Fonagy, P., and Montague, P. R. (2008). What’s in a smile?
Maternal brain responses to infant facial cues. Pediatrics 122, 40–51. doi: 10.
1542/peds.2007-1566

Tarantino, L. M., Sullivan, P. F., and Meltzer-Brody, S. (2011). Using animal
models to disentangle the role of genetic, epigenetic and environmental influences
on behavioral outcomes associated with maternal anxiety and depression. Front.
Psychiatry 2:44. doi: 10.3389/fpsyt.2011.00044

Thurgood, S., Avery, D. M., and Williamson, L. (2009). Postpartum depression
(PPD). Am. J. Clin. Med. 6, 17–22. doi: 10.1007/978-0-387-79061-9_5723

Tye, K. M., Mirzabekov, J. J., Warden, M. R., Ferenczi, E. A., Tsai, H. C.,
Finkelstein, J., et al. (2013). Dopamine neurons modulate neural encoding
and expression of depression-related behaviour. Nature 493, 537–541. doi: 10.
1038/nature11740

Vance, J. C., Najman, J. M., Thearle, M. J., Embelton, G., Foster, W. J., and
Boyle, F. M. (1995). Psychological changes in parents eight months after the loss
of an infant from stillbirth, neonatal death, or sudden infant death syndrome—a
longitudinal study. Pediatrics 96, 933–938. doi: 10.1111/j.1651-2227.2007.00089.x

Webster-Stratton, C. (1990). Stress: a potential disruptor of parent
perceptions and family interactions. J. Clin. Child Psychol. 19, 302–312. doi: 10.
1207/s15374424jccp1904_2

Winokur, S. B., Lopes, K. L., Moparthi, Y., and Pereira, M. (2019). Depression-
related disturbances in rat maternal behaviour are associated with altered
monoamine levels within mesocorticolimbic structures. J. Neuroendocrinol.
31:e12766. doi: 10.1111/jne.12766

Wu, Y. L., Yoshida, M., Emoto, H., and Tanaka, M. (1999). Psychological
stress selectively increases extracellular dopamine in the “shell,” but not in the
“core” of the rat nucleus accumbens: a novel dual-needle probe simultaneous
microdialysis study. Neurosci. Lett. 275, 69–72. doi: 10.1016/s0304-3940(99)00
747-8

Yim, I. S., Tanner Stapleton, L. R., Guardino, C. M., Hahn-Holbrook, J.,
and Dunkel Schetter, C. (2015). Biological and psychosocial predictors of
postpartum depression: systematic review and call for integration. Annu.
Rev. Clin. Psychol. 11, 99–137. doi: 10.1146/annurev-clinpsy-101414-0
20426

Frontiers in Behavioral Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.1065558
https://doi.org/10.1016/j.bbr.2010.06.006
https://doi.org/10.1002/jclp.20644
https://doi.org/10.1016/j.neubiorev.2013.04.003
https://doi.org/10.1016/j.neubiorev.2013.04.003
https://doi.org/10.1016/j.neubiorev.2005.03.015
https://doi.org/10.1016/j.bbr.2008.08.001
https://doi.org/10.1016/j.tins.2016.11.009
https://doi.org/10.1016/j.tins.2016.11.009
https://doi.org/10.1016/j.yfrne.2018.12.001
https://doi.org/10.1016/j.yfrne.2018.12.001
https://doi.org/10.1016/j.ajog.2008.11.033
https://doi.org/10.1111/bph.12640
https://doi.org/10.1111/bph.12640
https://doi.org/10.1111/j.1365-2826.2011.02200.x
https://doi.org/10.1176/appi.ajp.2008.08081201
https://doi.org/10.1007/s00737-018-0926-y
https://doi.org/10.1007/s00737-018-0926-y
https://doi.org/10.1016/j.yfrne.2020.100854
https://doi.org/10.1093/ijnp/pyx048
https://doi.org/10.1016/j.yfrne.2020.100839
https://doi.org/10.1016/j.yfrne.2020.100839
https://doi.org/10.1016/j.bbr.2019.112367
https://doi.org/10.1016/j.bbr.2019.112367
https://doi.org/10.3389/fgwh.2021.694808
https://doi.org/10.1038/s41386-021-01210-3
https://doi.org/10.1038/s41386-021-01210-3
https://doi.org/10.1016/j.genhosppsych.2004.02.006
https://doi.org/10.3389/fpsyt.2011.00023
https://doi.org/10.1007/s00737-014-0463-2
https://doi.org/10.1007/s00737-014-0463-2
https://doi.org/10.1017/s1092852900015595
https://doi.org/10.1016/s0306-4530(03)00025-8
https://doi.org/10.1016/s0306-4530(03)00025-8
https://doi.org/10.1542/peds.2007-1566
https://doi.org/10.1542/peds.2007-1566
https://doi.org/10.3389/fpsyt.2011.00044
https://doi.org/10.1007/978-0-387-79061-9_5723
https://doi.org/10.1038/nature11740
https://doi.org/10.1038/nature11740
https://doi.org/10.1111/j.1651-2227.2007.00089.x
https://doi.org/10.1207/s15374424jccp1904_2
https://doi.org/10.1207/s15374424jccp1904_2
https://doi.org/10.1111/jne.12766
https://doi.org/10.1016/s0304-3940(99)00747-8
https://doi.org/10.1016/s0304-3940(99)00747-8
https://doi.org/10.1146/annurev-clinpsy-101414-020426
https://doi.org/10.1146/annurev-clinpsy-101414-020426
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/journals/behavioral-neuroscience#articles
https://www.frontiersin.org

	Dopamine downregulation in novel rodent models useful for the study of postpartum depression
	1. Introduction
	2. Mesolimbic dopamine system dysregulation in rodent models relevant to PPD
	3. DA deficits in novel rodent models useful for the study PPD based on postpartum adversity
	3.1 Permanent pup removal
	3.2 Postpartum scarcity-adversity
	3.3 DA deficits in novel rodent models of PPD based on postpartum adversity overlap with those observed in rodent models of chronic stress relevant to depression

	4. Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


